Poliovirus ribonucleic acid (RNA) polymerase crude extracts could be stored frozen in liquid nitrogen without loss of activity or specificity. The major in vitro product of these extracts was viral single-stranded RNA. However, after short periods of incubation with radioactive nucleoside triphosphates, most of the incorporated label was found in replicative intermediate. 
Poliovirus ribonucleic acid (RNA) polymerase crude extracts could be stored frozen in liquid nitrogen without loss of activity or specificity. The major in vitro product of these extracts was viral single-stranded RNA. However, after short periods of incubation with radioactive nucleoside triphosphates, most of the incorporated label was found in replicative intermediate. When excess unlabeled nucleoside triphosphate was added, the label was displaced from the replicative intermediate and accumulated as viral RNA. It is concluded from this experiment that the replicative intermediate is the precursor to viral RNA. In addition, some of the label was chased into double-stranded RNA. The implications of this finding are discussed.
Three species of ribonucleic acid (RNA) which do not exist in uninfected cells have been demonstrated in poliovirus-infected cells. These species are: (i) 35S single-stranded RNA which is eventually found in mature virions (9) ; (ii) 18S doublestranded RNA which consists of one viral RNA strand paired to complementary RNA (2, 16) ; and (iii) replicative intermediate (11) which is partially single-stranded and partially doublestranded RNA (6) (11) , Erikson and Franklin (10) , and later confirmed (15) in the case of bacteriophage R17.
The role of double-stranded RNA or replicative intermediate, or both, in the synthesis of viral RNA has been controversial (e.g., see reference 24) . In the case of RNA bacteriophage, it was demonstrated that, after a short pulse labeling of infected bacteria with a radioactive precursor to RNA, some of the label in ribonuclease-resistant RNA was displaced from the double-stranded state by growth in nonradioactive medium and subsequently appeared in viral RNA (11, 17) . More Method A. A 1.5-ml sample was pipetted into a chilled tube containing 5.0 ml of 88% liquefied phenol, 3.5 ml of 0.05 M sodium acetate (pH 5.1), 0.005 M EDTA, and 0.5 ml of 10% sodium dodecyl sulfate (SDS). Phenol extraction was carried out as already described (13, 21) , except that the temperature was lowered to 37 C in order to prevent melting of the replicative intermediate (3, 14) . RNA (6) . Precipitates were collected after 24 hr of standing at 4 C by centrifugation at 10,000 X g for 40 min and were dissolved in 0.5% SDS buffer. Supernatant fluids were precipitated with 2 volumes of ethyl alcohol in the presence of carrier yeast RNA (0.2 mg/ml), and the resulting pellets were dissolved in 0.5% SDS buffer.
Gradient analysis was performed on 15 to 30% sucrose gradients in 0.05% SDS buffer. After centrifugation, these gradients were monitored for absorbance at 260 nm, fractionated, and assayed for acidprecipitable radioactivity as previously described (7, 19) . For assay of the ribonuclease-resistant labeled RNA, one half of each fraction was treated with 50 pug of pancreatic ribonuclease per ml for 35 min at room temperature in 2X SSC (0.3 M NaCi, 0.03 M sodium citrate, pH 7.0).
Exclusion chromatography was performed as described by Baltimore (3). Beaded 2% agarose was packed into a 1.5 by 45 cm column at room temperature. RNA was eluted from the column with 0.05% SDS buffer at a flow rate of 6 ml/hr; 0.7-ml fractions were collected and assayed for acid-precipitable radioactivity.
Materials. Beaded agarose (Sepharose 2 B) was purchased from Pharmacia Pure Chemicals; 14C-UTP (0.25 c/mmole) was purchased from the Commissariat a 1'Energie Atomique, Saclay, France; and 3H-UTP (2 to 3 c/mmole) was purchased from New England Nuclear Corp. Ribonuclease-free deoxyribonuclease was purchased from Worthington Biochemical Corp. Actinomycin D was a gift from Merck, Sharpe and Dohme Laboratories.
RESULTS
Characteristics of the crude RNA polymerase. The crude poliovirus RNA polymerase used in these experiments was prepared from cells infected for 3.25 hr, i.e., at a time when the rate of viral RNA synthesis has reached its maximum and become constant (7) . Crude polymerase is bound to RNA templates and, upon treatment with detergents, can be recovered in association with the replicative intermediate in the replication complex (14) . Therefore, it does not require addition of exogenous viral RNA for further nucleotide incorporation.
The experiments to be reported here were performed with frozen crude extracts. It has been reported that mengovirus RNA polymerase loses its ability to synthesize viral RNA after freezing, although it retains its ability to synthesize doublestranded RNA (20) . Therefore, it was necessary to make sure that no change in the activity or specificity of the poliovirus RNA polymerase occurred after freezing and thawing and that the (1, 4, 5) . Figure 1 shows the kinetics of uridine monophosphate (UMP) incorporation in a standard assay. Under the conditions employed, the optimal temperature for incorporation was 36.4 C. At this temperature, UMP incorporation proceeded at a constantly decreasing rate for at least 2.5 hr. Incorporation was slower at lower temperatures and was inhibited by high temperatures. Over a period of 6 weeks, samples from the same frozen batch preparation showed less than a 10% change in activity. Neither change in the overall kinetics of UMP incorporation nor change in the kinetics of synthesis of viral single-and double-stranded RNA was detected (see below).
The omission of ATP or GTP, or both, resulted in over a 90% decrease in UMP incorporation ( Table 1 ). The reaction was markedly stimulated by the addition of Mg+* ( found that low concentrations of KCI had a marked stimulatory effect on the in vitro reaction (Fig. 2) . In the absence of KCI, UMP incorporation halted after 30 to 40 min (curve A), whereas in the presence of 40 mm KCI it continued for at least another 2 hr (curve B). A similar effect of KCI has been reported in the case of deoxyribonucleic acid (DNA)-dependent RNA polymerase (12, 22) . However, whereas DNA-dependent RNA polymerase is stimulated by 0.2 M KCI (22) , poliovirus RNA replicase is inhibited by high KCI concentrations (curve C). In practice, crude viral polymerase was stored in polymerase buffer containing 0.4 M KCI and was diluted 1 to 10 in the assay.
The ability of frozen preparations to synthesize viral single-and double-stranded RNA was compared with that of freshly made extracts (1) . For this purpose, samples of a reaction mixture were withdrawn after 15 and 40 min of incubation in vitro and were deproteinized with phenol according to method A. RNA was analyzed on sucrose gradients (Fig. 3) . Most of the label incorporated during the first 15 min of incubation was found in material sedimenting heterogeneously from approximatively 16S to more than 50S, whereas after 40 min of incubation there was a marked peak of radioactivity at 35S, i.e., in the same position as viral RNA (9) . All radioactivity could be hydrolyzed to acid-soluble material after 18 hr of incubation at 37 C in 0.3 N KOH. In another series of experiments, in vitro labeled RNA was deproteinized with SDS according to method B, with essentially the same results as those shown in Fig. 3 .
Further evidence that the heterogeneous RNA (15- (Fig. 5) . They represent the double-stranded "core" of the replicative intermediate (6) .
The radioactive material which sedimented as a sharp peak at 35S in the 40-min sample was ribonuclease-sensitive, LiCl-precipitable, and elu- In addition, label accumulated with time in FIG. 3 . Sucrose gradient analysis of in vitro labeled LiCl-soluble material. This material was com-RNA. RNA labeled in vitro was deproteinized by pletely resistant to ribonuclease and sedimented method A and was analyzed by sucrose gradient sedias.a sharp peak at about 18S (Fig. 7) (Fig. 4) . Under these conditions, it takes 100 min for 1 mg of protein of crude extract to catalyze the incorporation of 40 pmoles of UMP, whereas under standard assay conditions (200 ,UM UTP) this amount of UMP is incorporated in less than 10 min. Figure 4 also shows that when a 125-fold excess of cold UTP was added at 15.5 min, net incorporation of UMP immediately ceased.
Samples from such an experiment were withdrawn from the incubation mixture at various times before and after addition of excess cold UTP and were immediately deproteinized with 150 0- SDS and precipitated with 2 M LiCl. Part of the LiCl-precipitated RNA was analyzed on sucrose gradients (Fig. 5) . At 30 sec before the chase (Fig. 5A) , labeled RNA molecules were distributed in a heterogeneous fashion from approximately 15S to 60S, with no indication of a peak in the position of viral RNA but rather a small peak at about 25S. Such a sedimentation pattern has been repeatedly observed with in vivo labeled purified replicative intermediate (M. Girard, Bull.
Soc. Chim. Biol., in press). In addition, most of the label was resistant to ribonuclease digestion (hatched area). Figure 5B shows that, after 3 min of chase, approximately 50% of the label was in a broad 25S to 28S peak, whereas some of it was beginning to accumulate in the position of viral RNA. There was much less ribonuclease-resistant labeled material than in sample A. Three minutes later (Fig. 5C ), a substantial amount of radio- Fig. 4 RNA, whereas the percentage of radioactivity resistant to ribonuclease had decreased. Eventually, 20 min after the chase, the sedimentation profile of the in vitro product of the RNA polyml erase was almost indistinguishable from in vivo 800 labeled poliovirus RNA, and very little ribonuclease-resistant labeled RNA remained (Fig. 5D) . Essentially the same results were obtained when the LiCl-precipitable types of RNA were analyzed by exclusion chromatography on agarose (Fig. 6 ). For brevity, only the first and last samples are shown. Whereas over 90% of the label was excluded from the agarose column at 600 the time when the chase was done (left panel), this figure dropped to less than 20% after 20 min of chase (right panel).
LiCl supernatant fluids from the same samples were analyzed by sucrose gradient sedimentation after ethyl alcohol precipitation (Fig. 7) . At the time when the chase was done, little if any label 400 was found in double-stranded RNA. Most of the counts were found in material sedimenting faster than double-stranded RNA; they probably represent a minor part of the replicative intermediate which did not Fig. 4 (6, 14) . The preferential in vitro labeling of replicative intermediate after short periods of incubation of RNA polymerase with radioactive nucleoside triphosphates strengthens this conclusion. Conclusive evidence is found in the pulse-chase experiment reported here (Fig. 8) . In this experiment, the label incorporated into replicative intermediate was displaced by the addition of excess unlabeled nucleoside triphosphate and appeared in completed viral RNA molecules. It is, therefore, concluded that replicative intermediate is the precursor to viral RNA, as is also the case for bacteriophage Q# (18) .
There are two features of the pulse-chase experiment which deserve some additional comment: (i) the high percentage of ribonuclease resistance in the replicative intermediate at the beginning of the chase (Fig. 5A) ; and (ii) the presence of an appreciable amount of label in double-stranded RNA at the end of the chase ( Fig. 7 and 8 ).
The percentage of label which resists ribonuclease at the beginning of the chase (15.5 min of labeling) is much higher than previously described for replicative intermediate. This could be accounted for by the very slow rate of the reaction under the assay conditions used for the pulse labeling. Most of the labeled UMP incorporated at the end of the pulse would thus be confined to the portions of the nascent chains of viral RNA which are hydrogen-bonded to the RNA template (Fig. 9) . Synthesis of RNA then proceeding in the presence of excess unlabeled UTP, the labeled hydrogen-bonded regions would be displaced from the template. The label therefore would become ribonuclease-sensitive, although still a part of the replicative intermediate ( Fig. 5  and 8 (14) . If the above hypothesis is correct, there should therefore be three to four times more label in singlestranded than in double-stranded RNA at the end of the chase. The ratio found in the present experiment is 3.5 (Fig. 8) .
In vivo, double-stranded RNA has been observed to accumulate in infected cells towards the end of infection, and it was previously suggested that it might then be a by-product of the replication process rather than a precursor (6) . The hypothesis outlined above could offer a model for such a phenomenon. This implies the existence of two types of double-stranded RNA in infected cells, one being the immediate precursor to (18, 24, 25) and the other the "dead" form of the replicative intermediate. One type results from the synthesis of a new complementary strand on a viral RNA template, whereas the other type is formed upon completion of the last viral strand on the complementary RNA molecule of a replicative intermediate which stops functioning. The validity of this hypothesis and the reasons for the differences in the behavior of the two types of double-stranded RNA are not known at the present time. It is hoped that further insight into the mechanisms of poliovirus RNA replication will be gained through the use of purified RNA polymerase preparations.
